Introduction
Interest in Micro Total Analysis System (µ-TAS) or 'Lab-on-Chip' for integrated chemical and biochemical analysis has grown dramatically in the past decade. The concept extends the scope since its introduction by Manz et al. [1] and now encompasses analysis and synthesis for applications ranging from chemistry to biology. Basically, a µ-TAS consists of two functional parts, i.e., microfluidics for sample droplet operation, such as droplet generation, movement, mixing and splitting, and sensors for detection.
One of the most promising technologies for droplet operation is digital microfluidics based on electrowetting (EW) [2] . EW is a phenomenon used to control the surface wettability, i.e., the interfacial tension between a solid and a liquid phase by applying a voltage across the interface. Surface wettability is an important property governed by both chemical composition and geometric structure of surfaces. Depositing a dielectric layer between the liquid and solid electrode would set up an EWOD (electrowetting-on-dielectric) microfluidic device (see Fig. 1 ), which helps greatly to obtain large enough contact angle change before electrolysis occurs.
The main problem of EWOD is its high operating voltage (typically, an operating voltage higher than 100 V) induced by an extra voltage drop across the dielectric compared with EW. To use EWOD microdevices for application in a µ-TAS, raising the droplet operation efficiency has been pursued in recent years. The objective is to operate the droplets fast under a low driving voltage. This meets the demands of system integration with IC technology. Two factors decide the efficiency of the droplet operation. One is the driving force, which depends on the contact angle change under electrical voltage. The other is the resistance force of the surface the droplet moves on.
Firstly, the larger the contact angle changes under electrical voltage, the stronger the EWOD driving force is. The Lippmann-Young equation theoretically describes EWOD as follows [3] :
where θ 0 is the static contact angle when the electrical field across the interface is zero, θ is the contact angle when an external voltage V is applied, γ LV is the surface tension of the liquid when the applied voltage is zero, ε 0 is the vacuum permittivity, ε is the dielectric constant of the insulator and d is the thickness of the dielectric layer. From equation (1), it is clear that besides the high voltage there are three possible ways to increase the driving force: a dielectric with high dielectric constant (high K), a thin layer of dielectric and an interface with low surface tension that is achieved by chemical modification like deposition of Teflon ® . Thus, the choice of the dielectric layer is one of the key factors to increase the driving force. A high K dielectric layer not only can realize the same driving force at a decreased driving 2088 J. Adhesion Sci. Technol. 26 (2012) 2087-2098 3 voltage, but also can prevent electrical breakdown and leakage at the same dielectric thickness.
Some work has been focused on using high K materials. Silicon nitride was the preferred choice for its high dielectric constant (K = 7.8) and availability as a widely used material in microelectronics, but failed in the test [3] . Other high K materials have been tentatively used. Moon [7] . However, most of the efforts have shown difficulty in integrating with conventional IC processing and/or are not biocompatible.
Secondly, the resistance force (static friction) is mainly caused by the contact angle hysteresis and can be expressed as [8] :
where F f is the friction force of the droplet, γ LG is the surface tension at the liquidgas interface and θ is the contact angle hysteresis. The contact angle hysteresis is defined as the difference between the advancing and receding contact angles at the moment when the droplet starts to move (see Fig. 1(b) ), i.e., θ = θ adv − θ rec . It is clear that there are three ways to decrease the resistance: a high static contact angle, a low contact angle hysteresis and a low liquid-gas surface tension which is achieved mostly by using oil instead of air. Thus, to obtain a superhydrophobic interface is the key factor to decrease the resistance. Some groups have studied nanofeatured SiO 2 [8] and nanostrucured Si [9] , both of which show potential for low resistance. Lee and Hwang even have made a nano-Teflon ® superhydrophobic surface with ultralow contact angle hysteresis [10] .
To increase the driving force at low voltage and to decrease the resistance, nanostructured zinc oxide is investigated in this study. The reasons for the choice are listed below.
Typically, zinc oxide is a wide band gap semiconductor and which has been investigated as an optical and electronic material. It is also a high K dielectric material [11] . In addition, it possesses the advantages of high biocompatibility and IC processing compatibility for nanostructure fabrication. Some researchers have studied ZnO superhydrophobic surface [12] [13] [14] [15] and proposed to apply ZnO in microfluidic devices. However, no further achievements have been reported. On other hand, optics-based detection is the most common technique used in µ-TAS now. Focusing of light may provide strong optical signals and, thus, high sensitivity of µ-TAS. A ball-like droplet of analyte on a superhydrophobic surface is one of the best ways to realize light focusing.
In this paper, we present a high K nanostructured ZnO for EWOD digital microfluidic device for application in µ-TAS. Two fabrication methods of nanostructured ZnO were studied. ZnO was characterized. The enhancement of optical detection on the superhydrophobic layer was demonstrated. Use of such superhydrophobic high K material in EWOD was proposed.
Experimental
Various ways to make superhydrophobic surfaces are discussed in [16] . Generally, there are two ways. One is to make the surface nanostructured, the other is to modify the surface with low-surface energy materials, such as Teflon ® . Typically, these two methods are combined to fabricate a superhydrophobic surface.
To make a nanostructured ZnO dielectric layer, both electrochemical deposition and hydrothermal synthesis were studied. An indium tin oxide (ITO) glass was used as the substrate.
Reagents and Equipments
Amperometric experiments were carried out with a CHI660 electrochemistry workstation (CH Instruments Inc., USA). A platinum counter electrode and a standard AgCl/Ag reference electrode were both from CHI Instruments Inc.
Scanning Electron Microscope (SEM) used for ZnO topographic characterization was an S-360 (Cambridge Instruments Inc., UK). The optical contact angle measurement system was OCA15 (Dataphysics Instruments, Germany). The capacitance was measured with an impedance analyzer HP2794A (Agilent Technology Inc., USA).
To fabricate the sample device, an evaporation system, a photolithographic equipment, an ion beam sputtering system (IBS), a reactive ion etch (RIE) system, an atomic layer deposition (ALD) tool, a spinner, a wafer dicing machine and a wire bonding machine were utilized, all of which were made in China. 0.1 M ZnSO 4 , acetone, ethyl alcohol were the products of Shanghai Reagent Factory (Shanghai, China). All solutions were prepared with DI water (home-made with resistivity of 18 M ) and all the other chemicals used were of analytical reagent grade. ITO glass was made in China with sheet resistivity around 30 /sq.
Goat-anti-mouse-IgG-HRP and enzyme were the products of Sigma, USA. Teflon ® 1600 solution was the product of DuPont, USA. FC-75 ® solution used for Teflon dilution was from Acros Organics, USA.
Electrochemical Deposition of ZnO
ZnO thin films were prepared by cathodic electrodeposition from an aqueous solution of 0.1 M ZnSO 4 on ITO glass substrate. The ITO glass was cleaned succes- sively with acetone, ethyl alcohol and DI water. The platinum counter electrode, the AgCl/Ag reference electrode and the ITO glass as the working electrode composed the electrochemical system with all electrodes immersed in the ZnSO 4 solution. After electrochemically depositing zinc films were rinsed with DI water, ZnO films with nanostructured surface could be obtained by heat-treating at 550 • C in O 2 atmosphere for a time period. At this time, the samples would not exhibit superhydrophobic feature until Teflon ® 1600 was spun on the samples at a speed of 8000 rpm. In addition, the Teflon ® 1600 films must be heated to exhibit largest contact angle. Usually, the Teflon films are cured at 115 • C for 10 min, then at 245 • C for 5 min, finally at 330 • C for 15 min.
To investigate the effects of electrochemical conditions on the hydrophobic property of the surface, we applied different cathodic potentials for different time periods. To be specific, −1.5, −2 and −3 V were applied with deposition times of 5, 10, 20, 40, 60 and 90 s.
SEM was used to characterize the topography and the cross sections of the ZnO films.
The contact angles on all samples were measured using OCA15.
To evaluate the capacitance characteristics and the dielectric constant K of ZnO layer which are significant for the application of microfluidic devices, impedance analyzer was utilized. The test sample was prepared by sputtering a top electrode on ZnO thin film with an area of 1.2 mm × 1.2 mm, which was patterned using a hard mask.
Hydrothermal Synthesis of ZnO Nanorods
We proposed a transparent coplanar-electrode EWOD device with a composite dielectric layer of nanostructured ZnO and a high K barrier layer for lowering current leakage. Figure 2 shows the structure and fabrication steps of the device. A coplanarelectrode EWOD structure is designed [6] . Such coplanar-electrode EWOD device is specially designed for a novel fully Si-based biosystem (µ-TAS), in which the EWOD device should be transparent for light transmission in addition to its original function of droplet operation.
ITO electrodes were patterned on a glass substrate by photolithography and RIE. A high K layer was deposited by ALD as the barrier for current leakage. On top of the barrier, a ZnO seed layer was deposited by IBS and then a layer of ZnO nanorods was deposited by hydrothermal synthesis. At last, Teflon ® AF 1600 was spin-coated to increase the contact angle for superhydrophobicity. The detailed process of hydrothermal synthesis of ZnO was the same as described in [17] .
The relationship between the contact angle and the output voltage of the photomultiplier was investigated. The enhancement of optical signal detection on superhydrophobic surface was verified by a chemiluminescence detection system, which worked by the same principle as the novel fully Si-based biosystem (µ-TAS) (see Fig. 3 ). The reaction droplet consisted of 10 µl goat-anti-mouse-IgG-HRP and 10 µl enzyme substrate which would emit blue fluorescence. The blue fluorescence passed through the transparent chip and was detected by the photomultiplier. Test samples with different contact angles were used in the investigation. The same samples were used to find the effect of hydrophobicity of the dielectric surface on contact angle hysteresis experimentally. From the picture taken at the moment of droplet moving, the advancing and receding contact angles were measured. The difference in the two angles is the contact angle hysteresis.
The effect of thickness of each layer in the composite dielectric except for ZnO on driving voltage was also investigated using OCA15. The solution of Teflon ® 1600 was diluted 3, 7 and 9 times in volume to obtain different thicknesses by adding FC-75 ® . With an ALD deposition rate of 1.27 Å/cycle, different thicknesses of high K barrier can be achieved by applying different deposition cycles. The driving voltage was applied to the device as shown in Fig. 1(b) . Figure 4 shows SEM images of two samples deposited at −3 V. Sample in Fig. 4(a) was deposited for 5 s, while samples in Fig. 4(b) and (c) (cross sections) for 60 s. By comparing Fig. 4(a) and (b) , it can be found that when the experimental time was not long enough, the ZnO grain deposited on the substrate was discrete (Fig. 4(a) ), which led to a relatively smooth topography of the surface. When the deposition period becomes longer, the ZnO grains will link up into a single piece (Fig. 4(b) ), and the surface topography becomes rougher and denser.
Results and Discussion

Electrochemically Deposited Nano ZnO
The roughness of the surface topography is believed to be the critical factor for the superhydrophobic phenomenon. As shown in Fig. 4(b) , the thickness fluctuation of the sample (−3 V, 60 s) is about 2 µm, more than the results of Li et al. [12] . Through the cross sectional SEM image of ZnO layer (Fig. 4(c) ), the thickness of ZnO layer deposited at −3 V for 60 s was estimated to be 848 nm.
The shapes of water droplets on surfaces of ZnO thin films fabricated at −3 V are shown in Fig. 5 . Figure 6 demonstrates the influence of applied voltage and deposition time on the contact angles. It can be seen that as the deposition time becomes longer and the applied cathodic potential becomes higher, the contact angle becomes larger, which agrees with speculation and results in [13] . It can also be well explained by the diverse topography and structure of the samples resulted from different deposition times and applied voltages. When the deposition time is rather short or applied voltage is not large enough, the ZnO grain formed on the ITO substrate is small and discrete. When a droplet was placed on such a surface, it actually contacts with the rather smooth substrate, which means the ZnO grain has not contributed to the hydrophobic phenomenon (Fig. 4(a) ). When the deposition time is long enough or the applied voltage is sufficiently large, the ZnO grains link up to form an interpenetrating network structure. The rough topography on account of dense grains 9 and pores and the low-surface energy of Telfon ® 1600 meet the requirements for a superhydrophobic surface (Fig. 5(f) ). The largest contact angle reaches 158.9 • .
The capacitance is characterized to evaluate the quality of dielectrics. For ZnO layer prepared at −3 V for 60 s, the thickness is 848 nm from SEM picture. The area of the electrode is 1.2 mm × 1.2 mm. The capacitance of the ZnO layer measured using HP4294A was 93.4 pF. The dielectric constant K was calculated as 6.21.
However, ZnO thin film fabricated through electrochemical deposition is not dense enough for its application in EWOD microfluidic devices. When a voltage more than 6 V was applied to the ZnO thin film for 10 s, ZnO thin film broke down. Considering that operating voltages of the available EWOD devices are in the range of 15-40 V, which means the voltage drop on ZnO thin films might be larger than 6 V, a dense barrier layer is necessary to prevent the dielectric from breakdown. Figure 7 (a) is the SEM picture of the cross section of hydrothermally synthesized ZnO nanorods. The thickness of the layer is about 800 nm. It is obvious that the top of ZnO nanorods is aciculate which provides the basis to increase the contact angle and form a superhydrophobic surface.
Composite Dielectric of ZnO Nanorods on High K Barrier Layer
After coating of Teflon ® , the contact angle between the DI-water droplet and the superhydrophobic surface can reach 164.8 • (see Fig. 7(b) ). Such a ball-like droplet provides a good lens for optical detection in µ-TAS. It is noticed that the droplet hardly settles on the surface with a contact angle larger than 170 • . Figure 7(c) shows the results of the output voltage of the photomultiplier. The larger the contact angle, the higher the output voltage in the detected contact angle range. Figure 8 presents the measured results of the contact angle hysteresis on surfaces with different hydrophobicities. Although the relationship between the contact angle and its hysteresis is quite complicated [10] , our results at least indicate that the nanostructured ZnO surface with a ultrahigh contact angle of 164.8 • shows smallest contact angle hysteresis of 11.3 • among all the samples tested.
The relationship between the thickness of the two dielectric layers in the composite and the driving voltage was investigated and the results are listed in Table 1 .
It can be seen that the thickness of the low K material Teflon ® controls decreasing of the driving voltage. The high K barrier layer only prevents electrical leakage. However, a thinner barrier layer helps in the transparency of the µ-TAS chip, which would have better transmittance and, thus, higher output voltage and sensitivity. With 10 nm barrier layer, the driving voltage can be as low as 15 V, which indicates the potential of such high K composite, nanostructured EWOD device.
Conclusion
A nanostructured ZnO based superhydrophobic high K composite dielectric EWOD digital microfluidic device was demonstrated. It showed potential to lower driving voltage and increase sensitivity of optical detection. Two fabrication meth- 
